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Electron transport and quantum conductance through an armchair graphene and its oxidized
graphene- containing form were investigated by the density functional theory (DFT) method and
the implementation of the non-equilibrium Green function (NEGF) approach. The computed
I − Vb(current as a function of bias voltage) characteristic of the studied systems showed the tun-
neling phenomenon in bias and gate voltages considered. Along with the transport properties,
electronic properties including density of states (DOS) were calculated in the studied systems. A
close examination of the results showed that the I − Vb curve for graphene behaved I ∝ Vbe
λVb like
at some bias voltages, while for the oxidized graphene-containing form, its trend was the same as
that of a Voltage Dependent Resistor (VDR-VARiable resISTOR), I ∝ V βb , at the whole range of
the applied bias.
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I. INTRODUCTION
The equilibrium electronic properties and electronic
transport properties are important in designing and man-
ufacturing novel nano-electronics devices. Recently, sev-
eral interesting review articles have been published[1–9]
in this challenging field, covering theoretical physics to
organic chemistry. Graphene is a perfect sp2-hybridized
carbon mono-layer sheet that has attracted much at-
tention since its discovery[10–12]. Also, as a theoret-
ical interest, its possible applications in carbon-based
electronic structures and conductivity can be consid-
ered. Graphene has a very peculiar electronic struc-
ture, as it is geometrically symmetrical and the elec-
trons in the two dimensions are confined. Graphene is
a semi-metal whose specific linear electronic band dis-
persion near Dirac points (the Brillouin zone corners)
give rise to holes and electrons propagated as mass-
less fermions[13–17]. Graphene nanoribbons (GNR) are
structural derivatives of grapheme that are considered
a promising candidate as the building devices for fu-
ture electronic applications[18–21]. The unusual semi-
metallic behavior of graphene has been discovered in the
computational work of Wallace[16]. Quantum interfer-
ence phenomena such as universal conductance fluctua-
tion and weak localization or Aharonov-Bohm effect in
graphene rings have been shown experimentally[22–24].
The properties of graphene could be varied by struc-
tural variations applied on it, such as doping[25–27] or
functionalizing[28–30]. For instance, functionalization
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of graphene with oxygen and hydrogen was performed
by Lopez-Bezanilla et.al[31]. These structural variations
were found to affect the equilibrium and transport prop-
erties of graphene[32]. The capability of engineering
the electronic transport properties, such as the ballis-
tic electronic propagation and quantum conductance, is
useful in manufacturing the field effect devices[11]. The
nonlinear behavior of the current-voltage(I − Vb) curve
or the varistor effect in inhomogeneous materials has
been extensively studied for using varistors in limiting
the transient over voltage generated by electromagnetic
effects[33]. The preparation of an Ag-graphene epoxy
nanocomposite with a varistor effect near the percolation
threshold was described by Q. Liu et al [34] and Lin et al
[35]. The varistor effect was caused by the intrinsic elec-
trical nonlinearity in the defective graphene sheets with
an experimental method. It seems that reversible electri-
cal nonlinearity existing in polymer composites consisting
of some conductive filler and an insulating polymer holds
promise for use in varistors[35, 36].
In this paper, devices composed of armchair pristine
graphene nanoribbon or oxidized graphene nanoribbon
as the scattering central region and armchair pristine
graphene nanoribbon as source and drain electrodes were
investigated. The computations were performed in bias
voltages ranging from -2.0 to 2.0 eV divided by 0.01
eV intervals and at gate voltages including -3.0, 0.0 and
+3.0 eV. Figures 1-a and 1-b(Fig. 1) present the devices
formed from oxidized graphene-containing and pristine
graphene as the central scattering region, respectively.
At the first glance, the considered systems were opti-
mized using the density functional theory (DFT) com-
putations. Then, the transmission coefficient and the
electrical current in each bias voltage in the consid-
2FIG. 1. Considered (a) oxidized graphene- containing and (b)
graphene systems.
ered gate voltages were computed by utilizing the non-
equilibrium green function (NEGF) method. The com-
putational results were analyzed and interpreted with the
help of the transmission spectrum and the total and pro-
jected density of states for the considered devices. The
current-voltage values obtained for the considered devices
corresponded to the well-known varistor characteristics.
The computed I − Vb behavior for pristine and oxidized
graphene- containing devices were compared and dis-
cussed in terms of electronic structure variations caused
by oxidation of graphene.
II. COMPUTATIONAL METHOD
The transmission function of the system was obtained
by the following equation[37]:
T (E, V ) = Tr
[
ΓL(E, V )G(E, V )ΓR(E, V )G
†(E, V )
]
(1)
where E and V are energy and bias voltage, respectively.
Also ΓR(L) is the spectral density describing the coupling
between the right(left) electrode and the scattering re-
gion. In this equation, G(E, V ) is the green function
formally given by:
G(E, V ) =
1
[ES −H(V )− ΣL(E, V )− ΣR(E, V )]
(2)
where S is the overlap matrix, H(V ) and ΣR(L)(E, V )
are the Hamiltonian of the system and the self-energy of
lead right(left) when a bias voltage is applied. Spectral
density is given by the imaginary part of the electrode
self-energy(ΣR(L)):
ΓR(L)(E, V ) = i
(
ΣR(L) − Σ
∗
R(L)
)
(3)
The implementation of gate voltage on the systems was
treated by adding an electric potential defined by[38]:
Vg(x) = V
(0)
g exp
[
−
(
x− xc
d
)8]
(4)
where Vg, xc and d are a constant value corresponding
to the gate voltage, the center of the scattering region,
and the length of the unit vector along the X axis for the
scattering region. The electric potential may resemble
the potential produced by the image charges[39]. The
current was given by the Landauer Buttiker[40, 41] for-
mula, which is the following integral:
I(V ) =
2e
h
∫ +∞
−∞
dET (E, V ) [f(E − µL)− f(E − µR)]
(5)
where µR(L) is the chemical potential of the right(left)
electrode, which is eV = µL − µR. Also, f(E − µR(L))
is the occupation Fermi function. All calculations were
performed by the OPEN source Package for Material
eXplorer version-3.7 (OPENMX-3.7) computer pack-
age code[42]. This package uses PAOs centered on
atomic sites as the basis functions[43, 44] generated
by a confinement scheme[44, 45]. In all of the DFT
computations, local density approximation, LDA, was
employed as the exchange-correlation functional[46, 47].
III. RESULTS
The current-bias voltage values for the studied pris-
tine and oxidized graphene containing devices have been
presented in Fig. 2 and Fig. 3, respectively. It is clear
from these figures that there was a considerable simi-
larity between the I − Vb characteristics of the studied
systems. It can also be seen that in biases lower than 1.3
eV and 0.94 eV in the graphene and oxidized graphene-
containing, the respectability of the current was essen-
tially zero. However, at the greater bias voltages, the
current was increased with a relatively sharp slope for
the applied gate voltages. Along with the similarities
in I − Vb characteristics of the studied structures, there
was a major difference in currents value: the current of
pristine graphene was twice more than that of the oxi-
dized graphene current. This made the oxidized graphene
a complete semiconductor against the semi-metal pris-
tine graphene. The advantages of the oxidized graphene,
compared to other semiconductors, could be understood
from these figures, which show varistor[48] properties.
The current of the oxidized graphene device was lower
than that of graphene device in the considered bias range.
This was probably due to different hybridizations schema
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FIG. 2. Current versus bias voltage at considered gate volt-
ages for graphene.
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FIG. 3. Current versus bias voltage at considered gate volt-
ages for oxidized graphene-containing device.
in the considered structures. The sp2 hybridization in
graphene was changed to sp3 in the oxidized graphene
and consequently, the π delocalized molecular orbitals
were destroyed. Therefore, a main contribution in elec-
tronic transport was vanished in the oxidized graphene.
The computed currents at the considered gate voltages
have been presented in Fig. 2. It can be seen that the cur-
rent at the zero gate voltage was the lowest compared to
gate +3 and -3 eV gate voltages. This figure also shows
that at the +3 eV gate voltage, the current had lower val-
ues, in comparison to -3 eV gate, for the bias voltages 1.3
to 2.0 eV. Figure 4 also shows the density of states for the
graphene device along with the transmission spectrum.
This figure shows that at the zero gate voltage, graphene
had the lowest density of states, causing the decrease of
current. Furthermore, the displacements Fig. 2 occur-
ring in the energy levels of the scattering region were
raised from the applied gate voltage[37], thereby lead-
ing to increasing or decreasing the current. The current
rose when the energy levels of the scattering region was
between µL < ǫ < µR[37]. Therefore, the variations in
the current values observed in Fig. 2 could be attributed
to the displacement of energy levels of the scattering re-
gion due to changing the gate voltage from +3 to -3 eV.
Fig. 3 shows current versus bias voltage at the consid-
ered gate voltages for the oxidized graphene- containing
device. This figure shows three regions: i) the first re-
gion is one in which the current is zero (corresponding
to the bias values of 0.0 to 0.94 eV), ii), the second is
one in which the current increases slightly (correspond-
ing to the bias values from 0.94 to 1.74 eV) and iii) the
third region is one in which the current increases sharply
(corresponding to the bias values from 1.74 up to 2.0
eV). This figure also shows that the bias voltage equal to
1.74 eV is a critical point in which the currents belonging
to the gate voltage of -3 eV and +3 eV are displaced be-
yond it. The DOS and transmission spectrum of oxidized
graphene- containing device can also be observed. The
figure also indicates that the DOS of oxidized graphene-
containing in had lower values in the gate voltage of -3
eV, compared to zero gate voltage, and it was also lower
than +3 eV gate voltage. In other words, the current
in the zero gate voltage lied between the currents in the
gate voltage of +3.0 and -3.0 eV. A close examination of
the results showed that we could correlate the computed
I −Vb data using well-known exponential and power-low
equations in terms of the bias voltage, at bias voltages
greater than 1.3 eV for oxidized graphene-containing and
in all bias voltage range for pristine graphene. The equa-
tions used in order to correlate the I−Vb values have the
following forms:
I = γVbe
λVb (6)
I = αV βb (7)
where α and β are adjustable parameters for oxidized
graphene- contacting and γ and λ are pre-exponential
and exponential adjustable parameters for graphene. Re-
cently, A. B. Kaiser et al.[49] have empirically verified
that these equations represent experimental current-bias
voltage values measured for the network of AgV2O5
nanofibres at various temperatures. Also Q. Liu et al[34]
and Z. Brankovic et al [50] have correlated the experi-
mental I −Vb data of Ag-graphene epoxy composite and
ZnO devices using similar power-low equations in terms
of bias voltage.
Table I and Table II include the values of adjustable pa-
rameters obtained by a non-linear least squares regres-
sion method along with the standard deviation in the
current. It is also shown that the beta parameter in the
case of graphene, at -3 eV gate potential, gets a zero
value. This means that this device has ohmic behav-
ior and the current varies linearly with the bias voltage
4TABLE I. Adjustable fitted parameters of equation
I = γVbexp(λVb) for graphene.
System γ λ RMS
Gate(-3.0 eV) 21.7295 0.0000 0.0092
Gate(0.0 eV) 8.9841 0.9119 0.1027
Gate(+3.0 eV) 14.1723 0.4593 0.0315
TABLE II. Adjustable fitted parameters of equation
I = αV βb for oxidized graphene-containing device.
System α β RMS
Gate(-3.0 eV) 0.0005 13.2600 0.0952
Gate(0.0 eV) 0.0009 12.1600 0.0518
Gate(+3.0 eV) 0.0023 10.3200 0.0776
at this range. The results for the oxidized graphene-
containing showed that the studied systems could be used
as a Voltage Dependent Resistor (VDR-VARiable resIS-
TOR: VARISTOR)[48] in nano- electronics devices.
Transmission spectra along with the DOS of the pris-
tine graphene- containing device have been presented in
Fig. 4. This figure shows an excellent agreement be-
tween transmission and DOS spectroms. Fig. 5 shows the
transmission spectrum and DOS for oxidized graphene-
containing device. However, for this system, there were
some values of energy (-0.7 to +0.8 eV) for which DOS
got non-zero values, but transmission was vanished.
This inconsistency between transmission and DOS values
could be interpreted with the help of the projected den-
sity of states, PDOS, values for device and leads regions.
Fig. 6 shows PDOS of oxidized graphene-containing de-
vice and the corresponding leads. This figure also shows
that the PDOS of scattering region had some nonzero
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FIG. 4. Transmission spectrum and DOS at zero bias and
gate voltages for graphene.
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FIG. 5. Transmission spectrum and DOS at zero bias and
gate voltages for oxidized graphene-containing device.
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FIG. 6. PDOS of the lead and scattering region for oxidized
graphene-containing in zero bias and gate voltages.
values in a range wherein PDOS of the leads were van-
ished. In other words, at the aforementioned energy
range (-0.7 to +0.8 eV), the scattering region had some
states, but the leads did not. This may be interpreted as
an absence of orbital overlap, eigenchannel formation or
electron tunneling along the scattering region and leads.
These result in a zero transmission for oxidized graphene-
containing device in the energies -0.7 up to +0.8 eV.
5IV. CONCLUSION
The electronic structure and electronic transport prop-
erties of some devices composed from pristine graphene
and oxidized graphene-containing as the scattering re-
gion were investigated using the DFT+NEGF method.
The computational results including DOS, I − Vb and
transmission spectrum were presented, compared and
discussed for the studied systems. The computations
were done in bias voltages ranging from -2 eV to 2 eV di-
vided by 0.01 eV steps, in the gate voltages of -3, 0.0 and
+3.0 eV. The results for current-bias values were com-
pared for the studied systems and correlated using well
known empirical equations. These correlations for oxi-
dized graphene-containing form were of power-low form
type and described VARISTOR characteristics. Also, the
consistency between transmission spectrum and PDOS
for the studied systems were analyzed and discussed.
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